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ABSTRACT
A non-real-time GPS receiver has been developed and
tested for use in scintillation analysis. The receiver con-
sists of a digital storage receiver and non-real-time soft-
ware acquisition and tracking algorithms. The goal of
this work is to shed light on the behavior of strongly
scintillating signals: signals which cause conventional
GPS receivers to lose carrier lock.
The receiver collects wideband GPS L1 digital data
sampled at 5.7 MHz using an RF front-end and stores it
on disk for post-processing. It processes the data off-line
to determine carrier signal amplitude and phase varia-
tions during scintillations. The main processing algo-
rithms are traditional code delay and carrier frequency
acquisition algorithms and special signal processing al-
gorithms that effectively function as a delay-locked loop
and phase-locked loop. The tracking algorithms use
non-causal smoothing techniques in order to optimally
reconstruct the phase and amplitude variations of a
scintillating signal. These techniques are robust against
the deep power fades and strong phase fluctuations
characteristic of scintillating signals.
To test the receiver, scintillation data were collected
in Cauchoeira Paulista, Brazil, from December 4 to 6,
2003. The data set spans several hours and includes
times when one or more satellite signals are scintillat-
ing. The smoothing algorithm has been used to de-
termine the carrier amplitude and phase time histories
of the scintillating signals along with the distortion of
the pseudorandom noise (PRN) code’s autocorrelation
function. These quantities provide a characterization
of scintillation that can be used to study the physics of
scintillations or to provide off-line test cases to evaluate
a tracking algorithm’s ability to maintain signal lock
during scintillations.
I. INTRODUCTION
Ionospheric scintillations in radio-frequency (RF) sig-
nals passing through the ionosphere were first noted in
the 1920s.1 Since then, they have been the focus of
many studies meant to characterize the phenomenon,
determine its causes, and investigate its effect on RF
communication and navigation systems.2,3 The advent
of the Global Positioning System (GPS) heightened in-
terest in the study of ionospheric scintillations for two
reasons. First, the approximately 24 GPS satellites
sending RF signals through the ionosphere to thou-
sands of GPS receivers across the globe dramatically
increased the density of scintillation-rich signals avail-
able for study.4–9 Second, it was found that ionospheric
scintillations could cause loss of tracking lock in GPS
receivers, potentially endangering critical GPS applica-
tions.10 There is interest in gaining a better under-
standing of the effect scintillations have on GPS signal
amplitudes and phases in order to better understand
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exactly what characteristics of a scintillating GPS sig-
nal cause a GPS receiver to lose lock. Such an under-
standing will facilitate the design of scintillation-robust
receivers. Thus, scintillating GPS signals offer data to
the scientist and demand savvy from the engineer.
In order to facilitate GPS-based scintillation research, a
non-real-time receiver for scintillation analysis has been
developed at Cornell University. The Cornell scintilla-
tion analysis receiver consists of a digital storage re-
ceiver and non-real-time software acquisition/tracking
algorithms. The digital storage receiver mixes and fil-
ters the incoming L1 coarse/acquisition (C/A) signal
to a 2-MHz bandwidth centered at 4.3 MHz. Samples
of this wideband signal are stored on disk for post-
processing. This process captures wideband L1 C/A
data from all the PRN codes available to the receiver re-
gardless of the severity of scintillations affecting the in-
coming signals. The software tracking algorithm used to
post-process the wideband data estimates carrier phase
dynamics and signal amplitude over a fixed interval of
data using a non-causal estimation technique known
as fixed-interval smoothing. Compared to a real-time
(causal) estimation algorithm, which relies exclusively
on data prior to the time at which an estimate is pro-
duced, a smoother exploits data both prior to and pos-
terior to a given estimate, thereby increasing the ac-
curacy of the estimate. This is important for signal
tracking during scintillations because inaccuracy in the
phase estimate caused by low signal power or strong sig-
nal dynamics makes the carrier phase difficult to track.
The scintillation analysis receiver can be compared with
real-time scintillation monitors like those of Refs. 4
and 6. The Cornell scintillation monitor presented in
Ref. 6 and demonstrated in Ref. 7 is a single-frequency
Zarlink/Plessey GPS Builder 2 receiver whose software
has been modified to record 50-Hz amplitude and 10-
Hz phase measurements. The scintillation monitor pre-
sented in Ref. 4 is a modified commercial receiver.
It records both amplitude and phase data at 50 Hz.
Its carrier tracking bandwidth has been widened to en-
able tracking through scintillations. Its ability to main-
tain lock during moderate scintillations has been doc-
umented in Ref. 8. Both of these receivers are useful
in situations where real-time scintillation monitoring is
required (e.g. for GPS integrity monitoring).
The after-the-fact nature of the Cornell scintillation
analysis receiver offers two advantages over these re-
ceivers. First, by exploiting data prior to and posterior
to a given estimate, the smoother-based phase and am-
plitude estimates produced by the scintillation analy-
sis receiver are more accurate than estimates produced
by real-time receivers. Accurate phase and amplitude
estimates are important in their own right, but they
also enable tracking through strong scintillations. Sec-
ond, after-the-fact processing permits enormous flexi-
bility in analyzing the recorded scintillation data. Con-
sider these examples:
• Different tracking algorithms or tuning parameters
may be used when post-processing the data.
• Forward-pass loss-of-lock can be bridged by a back-
ward pass after reacquisition.
• The integrated signal power at multiple correlation
offsets may be used to investigate multipath-like scin-
tillation effects by calculating the cross-correlation func-
tion between the PRN code and the received signal.
• The effects of receiver clock error can be removed from
carrier phase estimates.
The Cornell scintillation analysis receiver was used to
collect wideband GPS data during strong ionospheric
scintillations at Cauchoeira Paulista, Brazil from De-
cember 4 to 6, 2003. The real-time receiver of Ref. 6
was co-located with the scintillation analysis receiver
to permit a later comparison of the output from each
receiver. The co-located receiver lost carrier lock for
periods up to 15 s several times during strong scintil-
lations. The scintillation analysis receiver continued to
record data during these intervals, and later processed it
without loss of signal lock. The carrier phase, Doppler
shift, Doppler rate, and signal amplitude estimates pro-
duced by the receiver for these intervals are examined
in a later section. These quantities contain informa-
tion about the structure and dynamics of the electron
density irregularities in the ionosphere. They are also
valuable for testing a GPS receiver’s response to scintil-
lations. The amplitude and phase time histories for pe-
riods of strong scintillations can be used to reconstruct a
series of in-phase (I) and quadrature (Q) accumulations
which are fed to the tracking algorithm of the receiver
to be tested. This process facilitates the development
of scintillation-robust tracking algorithms.
The aim of this work is four-fold: 1) Develop a non-
real-time GPS receiver specially designed to study
ionospheric scintillations, 2) Test the receiver on actual
scintillating GPS signals, 3) Extract preliminary infor-
mation about the ionosphere from the receiver products,
and 4) Document phase and amplitude time histories
that can be used to test the response of a GPS receiver
to scintillations.
The Cornell scintillation analysis receiver is described
subsequently. Conditions under which the receiver was
tested are then defined. Preliminary results and con-
clusions follow.
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Fig. 1. Block diagram of the Cornell scintillation analysis re-
ceiver.
II. THE SCINTILLATION ANALYSIS RE-
CEIVER
The Cornell scintillation analysis receiver consists of a
hardware digital storage receiver and software acquisi-
tion/tracking algorithms. Figure 1 presents a functional
diagram for the receiver. The received L1 C/A signal
is mixed and filtered in the RF front-end, then digi-
tized and stored on disk. It is subsequently retrieved
and processed in software. An initial Doppler shift and
code delay estimate determined by the signal acquisi-
tion algorithm are used to initialize the signal tracking
algorithm. In what follows, the digital storage receiver
and the acquisition/tracking algorithms are described
in detail.
The Digital Storage Receiver
The digital storage receiver is the hardware component
of the scintillation analysis receiver. It is used to record
wideband L1 C/A signals for later retrieval and analy-
sis. The principal components of the digital storage
receiver are shown in Fig. 2. Its operation is as follows.
The incoming GPS L1 signal at 1575.42 MHz is routed
to the Zarlink GP2015 RF front-end where it is mixed
and filtered in several stages. The mixing frequencies
are referenced to a 10 MHz temperature-compensated
crystal oscillator (TCXO). In the final mixing/filtering
stage the signal is shifted to a center frequency of 4.309
MHz and bandpass filtered to a 2.046 MHz bandwidth.
The signal is then sampled at 5.714 MHz using a 2-bit
quantization scheme with automatic gain control. Sam-
pling at 5.714 MHz aliases the 4.309 MHz signal to an
intermediate frequency (IF) of 1.405 MHz.
The 2-bit sign/magnitude pairs are buffered onto a 32-
bit register (not shown in Fig. 2). The contents of the
buffer are read in parallel at 357.14 kHz by a data ac-
quisition card connected to a PC. This process requires
the PC to read and store data at a rate of 11.43 Mbps.
At this rate, a 650 MB compact disk is filled in 7.6 min.
It is important to note that the digitized data recorded
by the digital storage receiver contains all the data in
a 2-MHz bandwidth about the L1 signal frequency, in-
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Fig. 2. The digital storage receiver. Outputs are sign (+/−),
magnitude (|y|), and clock (clk).
cluding PRN codes from each satellite visible to the
receiver. These signals may be attenuated or distorted
by scintillations, but no data is lost.
It is argued in Ref. 4 that a TCXO is unsuitable for a
scintillation receiver because the TCXO’s phase insta-
bility is on the order of the scintillation-induced carrier
phase variations. It will be shown later that the Cornell
scintillation analysis receiver’s phase estimates were not
significantly affected by the TCXO instability. In any
case, the after-the-fact nature of the receiver’s estima-
tion algorithms allow one to estimate and remove the
effects of oscillator instability if necessary by judicious
use of carrier phase information from non-scintillating
signals.
Acquisition and Tracking Algorithms
The digitized wideband data is retrieved from storage
and processed by software acquisition and tracking al-
gorithms. These are currently implemented in Matlab.
The acquisition algorithm is a 2-dimensional search in
carrier Doppler shift and code delay. Doppler shift is
searched in 25-Hz increments over the range -5250 Hz
to 5250 Hz, which corresponds to a maximum radial
velocity of 1 km/s. The code delay (code start/stop
time) is searched in 1/8-chip increments over the 1-ms
PRN code period. The Doppler-shift/code-phase search
is carried out using FFT techniques that sum accumu-
lations over 10 code periods.
The software tracking algorithms consist of a smoother-
based phase-locked loop (PLL) and a proportional feed-
back delay-locked loop (DLL) with carrier aiding. The
use of the terms smoother and smoothing is this pa-
per are not to be confused with the concept known as
carrier aided smoothing in the GPS literature. In the
present context, smoothing refers to an estimation tech-
nique called fixed-interval smoothing. In this technique,
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Fig. 3. Block diagram of the software tracking algorithms.
all data gathered over a fixed time interval are used to
estimate the state of a system at some time within that
interval. A smoother is non-causal in the sense that
data prior to and posterior to a given estimate are used
to generate that estimate. Because it is non-causal, a
smoother cannot be used for real-time estimation, but
it is generally more accurate than a real-time estimator.
A smoother uses a system dynamics model to predict
the changes in the system state from one time instant to
the next. This allows it to incorporate measurements
taken while the system state is evolving. The system
dynamics model may be nonlinear. The smoother must
also include a measurement model to relate measure-
ments at a given time to the system state at that time.
The measurement model may also be nonlinear. Fi-
nally, the smoother must include a statistical model for
the process noise, which is the noise affecting the evolu-
tion of the state, and the measurement noise, which is
the noise corrupting the measurements. Inclusion of the
process noise distinguishes the smoother from a least-
squares batch estimator.
Figure 3 shows a block diagram of the tracking algo-
rithms used in the scintillation analysis receiver. The
incoming IF signal yIF is the L1 signal mixed and
aliased to 1.405 MHz by the digital storage receiver.
The yIF signal is mixed to baseband and correlated
with a replica of the PRN code to produce I and Q
accumulations once per code period. The correlator
uses the phase (φNCO) and frequency (ωNCO) estimates
produced by the PLL and the code start time esti-
mate (tNCO) produced by the DLL. In what follows,
an overview of the PLL and DLL will be given. Details
of these may be found in Refs. 11 and 12.
To track carrier phase, the smoother-based PLL must
estimate carrier phase, Doppler shift, and Doppler rate.
It is also useful to estimate the amplitude of the incom-
ing signal. Hence, the smoother’s state is chosen as
xk = [xφ, xω, xα, ln(A)]
T
k (1)
with the following definitions:
xφ,k = φ(tk)− φNCO(tk) : the difference between the
true carrier phase and the receiver’s numerically con-
trolled oscillator (NCO) phase at time tk
xω,k : the carrier Doppler shift at time tk
xα,k : the rate of change of the carrier Doppler shift at
time tk
ln(Ak) : the natural logarithm of the signal’s carrier
amplitude at time tk
The smoother’s state at time tk is related to its state at
time tk+1 by the dynamics model
xk+1 = Φkxk + uk +wk (2)
Here, uk is a control input from the receiver’s NCO,
ωNCO, and wk is the process noise made up by contri-
butions from the receiver clock errors, a random-walk
model for line-of-sight/phase scintillation accelerations,
and a random walk model for the signal amplitude.
Equation (2) includes a discrete-time triple integrator
driven by white noise for the update of the phase ele-
ments and a random walk model for the carrier ampli-
tude update. The state transition matrix Φk is given
by
Φk =

1 Tk
T 2k
2 0
0 1 Tk 0
0 0 1 0
0 0 0 1
 (3)
where Tk is an accumulation interval. In this case, Tk
= 1 ms.
The measurements used by the smoother are the
prompt in-phase (I) and quadrature (Q) accumulations
taken over one PRN code interval (1 ms). These are
related to the state variables by the following nonlinear
measurement model:
Ik =
NkA¯kdm
2
cos(∆φk) + nI,k (4a)
Qk =
−NkA¯kdm
2
sin(∆φk) + nQ,k (4b)
with the following definitions:
Ik : the prompt in-phase accumulation for the interval
starting at tk
Qk : the prompt quadrature accumulation for the in-
terval starting at tk
Nk : the number of data samples in the accumulation
interval
A¯k : the average signal amplitude over the accumula-
tion interval
dm : the navigation bit over the accumulation interval
(The subscript m indexes the set of 20 accumulation in-
tervals that constitute the mth navigation bit interval.)
nI,k, nQ,k : samples from a zero-mean Gaussian white-
noise sequence used to model the noise in the I and Q
accumulations
∆φk = ∆φk(xk,uk,wk) : the average phase error over
the accumulation interval
Implicit in Eqs. (4a) and (4b) is the assumption that
the receiver DLL is estimating the code delay accurately
so that the correlation function R(tNCO − tTRUE) ≈ 1.
It is evident from Eqs. (4a) and (4b) that the naviga-
tion bits dm must be known in order to calculate the Ik
and Qk accumulations correctly. The smoother-based
PLL addresses this requirement by running two sep-
arate estimators in parallel. One estimator propagates
the state and performs a measurement update under the
assumption that dm = 1; the other estimator does the
same under the assumption that dm = −1. A Bayesian
analysis based on carrier phase and amplitude innova-
tions is used to estimate the relative probabilities of the
+1 and −1 navigation data bit signs. These relative
probabilities, in turn, are used to synthesize an over-
all state estimate whose elements are used for the PLL
feedback loop, which computes ωNCO, and for carrier
aiding in the DLL, which computes tNCO.
The fixed-interval smoother combines an a priori state
estimate based on the results of the acquisition routine
with the Ik and Qk accumulations over a fixed time in-
terval {tkmin , tkmin+1, tkmin+2, ..., tkmax} to estimate the
state xj at each tj for j = kmin, ..., kmax. The length
of the fixed interval is left as a design parameter. In
the present study, the smoothing interval is specified to
cover periods of interesting scintillation activity. For
example, a 25-s smoothing interval over which the co-
located scintillation receiver loses phase lock will be ex-
amined in detail in a later section. In none of the cases
studied did the smoother-based PLL lose carrier lock;
but even if it had, the lost segment could probably have
been recovered by reacquiring after the lost segment
and propagating the signal dynamics backwards. This
is a benefit of the after-the-fact nature of the smoother-
based PLL.
Note that estimates of xk are produced at 1 kHz. This
is much faster than the 50 Hz rates of the receivers pre-
sented in Refs. 4 and 6. In most cases the increased
time resolution will not be required to reconstruct the
dynamics of the electron density irregularities in the
ionosphere. These generally have time constants greater
than 0.4 s.6 But if the receiver is used on a low-earth or-
biting satellite, the velocity of the ionospheric puncture
point increases by approximately 40 times, requiring a
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Fig. 4. Test site location in Cauchoeira Paulista, Brazil.
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Fig. 5. Experimental setup for testing the scintillation analysis
receiver.
sampling rate of 200 Hz to recover significant oscilla-
tions from the samples.
The DLL used to track the PRN code start time is a sim-
ple zeroth-order proportional feedback controller with
discriminator
δτk = (I2e,k +Q
2
e,k)
1/2 − (I2l,k +Q2l,k)1/2 (5)
where Ie,k, Qe,k are the early and Il,k, Ql,k are the
late in-phase and quadrature accumulations. The early
and late accumulations are separated by 0.5 PRN code
chips. The DLL is carrier aided by the Doppler shift
estimate produced by the PLL. This enables the DLL
to track a ramping Doppler shift.
III. EXPERIMENTAL SETUP
The Cornell scintillation analysis receiver was tested in
Cauchoeira Paulista, Brazil from December 4 to 6, 2003.
Cauchoeira Paulista, shown on the map in Fig. 4, lies
along the southern boundary of the equatorial anomaly.
This region is notorious for strong ionospheric scintilla-
tions. GPS signal amplitude fades of 20 dB are common
in the hours following local sunset.
A pictorial representation of the experimental setup
used in Cauchoeira Paulista is given in Figure 5. An-
tennas for the digital storage receiver and a co-located
real-time Cornell scintillation monitor (the monitor pre-
sented in Ref. 6) were mounted atop a 5-m water tower.
Two other real-time Cornell scintillation monitors, iden-
tical in functionality to the co-located receiver, were
each placed approximately 100 m from the water tower
to form a triangular array. The I and Q accumulations
of the real-time scintillation receivers were later used to
validate the carrier amplitude estimates produced by
the scintillation analysis receiver.
The data storage device and the co-located receiver
were connected to their respective antennas by approx-
imately 20 m of coaxial cable, resulting in a nominal
carrier-to-noise ratio of C/N0 = 44 dB-Hz for strong
non-scintillating signals at high elevation. The other
two receivers were connected by short 2-m coaxial cables
to their antennas, yielding a nominal C/N0 = 49 dB-Hz.
During the 3 nights of testing, the latter two receivers
never lost phase lock, presumably owing to their greater
carrier-to-noise ratio. In contrast, the co-located re-
ceiver lost phase lock frequently when tracking satel-
lites whose signals were experiencing strong scintilla-
tions. In most cases, the co-located receiver reacquired
carrier phase lock within 1 s, but in other cases it floun-
dered for up to 53 s before reacquiring. In no case did
the smoother-based PLL of the scintillation analysis re-
ceiver lose lock when post-processing the data recorded
by the digital storage receiver. This fact indicates that
its forward-pass Kalman filter, which could operate in
real time and which is needed in order to eventually
do smoothing, would make a good PLL for a real-time
receiver.
In all, the data gathered during the campaign in Brazil
filled 25 700-MB CDs. These were brought back and
processed at Cornell University.
IV. RESULTS AND ANALYSIS
Many interesting scintillation events were recorded dur-
ing the 3-day campaign in Brazil. The results presented
here will focus on one such event that occurred just af-
ter midnight on December 5, 2003. The event resulted
in a 15-s loss of phase lock in the co-located receiver.
Figure 6 presents a comparison of the smoothed carrier-
to-noise ratio time histories for PRN 7 and PRN 8 dur-
ing the seconds leading to loss-of-lock in the co-located
receiver. At this time, PRN 8 was in the southwest at
45 deg elevation. PRN 7 was nearly directly overhead.
The effects of scintillation are evident in the signal from
PRN 7; C/N0 variations of up to 25 dB-Hz occur in the
interval shown. In contrast, the C/N0 ratio for PRN 8 is
relatively constant. The smoothed estimates of Doppler
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Fig. 6. A comparison of C/N0 time histories for PRN 7 and PRN
8 on December 5, 2003 which shows the effect of scintillations on
PRN 7.
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Fig. 7. A comparison of Doppler shift estimates for PRN 7 and
PRN 8 for the interval shown in Fig. 6.
shift for PRN 7 and PRN 8 are presented in Fig. 7 for
the same interval. The irregularities in the ramping
Doppler shift of PRN 8 are due to TCXO instability.
These are much smaller than the scintillation-induced
variations in the Doppler shift of PRN 7. One can in-
fer from this that the TCXO provides an adequate fre-
quency reference over this interval. If necessary, the ef-
fects of TCXO drift could be estimated by subtracting
the expected Doppler shift (calculated from GPS satel-
lite ephemerides) from the smoothed Doppler shift esti-
mate for a non-scintillating PRN. The estimated TCXO
drift could then be removed from a scintillating Doppler
shift estimate, leaving only phase variations caused by
scintillations. This possibility illustrates the flexibility
of the receiver’s after-the-fact processing scheme.
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Fig. 8. Loss-of-lock in the co-located receiver (blue dashed line).
The smoother-based PLL maintains lock during the same interval
(red solid line).
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Fig. 9. Filtered and smoothed Doppler shift estimates for the
loss-of-lock interval. The vertical gray lines mark the beginning
and end of the loss-of-lock experienced by the co-located receiver.
The carrier-to-noise ratio of the co-located receiver is
overlaid on the smoothed carrier-to-noise estimate in
Fig. 8. The flat line reflects the co-located receiver’s
loss-of-lock. Thus, the scintillation analysis receiver
does not lose lock when the real-time receiver suffers
this problem. In addition, a comparison of the power
fades in both plots reveals that the co-located receiver
tends to underestimate the attenuation caused by scin-
tillations. The carrier Doppler shift estimate (state ele-
ment xω) produced by the smoother-based PLL is pre-
sented in Fig. 9. Also shown is the Doppler estimate
produced by an extended Kalman filter (EKF) using
the same data. The EKF used here employs the same
dynamics model, measurement model, and noise mod-
els as the smoother. The difference is that the EKF is
0 5 10 15 20 25
−3
−2
−1
0
1
2
3
4
Time (s)
D
op
pl
er
 ra
te
 (H
z/s
)
Filter  
Smoother
Filter
Smoother
Fig. 10. Filtered and smoothed Doppler rate estimates for the
loss-of-lock interval. The vertical gray lines mark the beginning
and end of the loss-of-lock experienced by the co-located receiver.
causal: it uses only data prior to an estimate to gen-
erate that estimate. In Fig. 10 smoothed and filtered
estimates for the rate of change of Doppler shift (state
element xα) are shown. The vertical gray lines in Figs.
9 and 10 mark the beginning and end of the loss-of-lock
experienced by the co-located receiver.
The signal dynamics captured in Figs. 8, 9 and 10
contain information about the dynamics of the elec-
tron density irregularities in the ionosphere. For ex-
ample, the amplitude variations in Fig. 8 contain a
sequence of deep fades which likely reflect a pattern of
electron density gradients moving across the satellite-
to-receiver beam path. Phase scintillations are evident
in the Doppler shift and Doppler rate variations of Figs.
9 and 10. Although these contain information about the
irregularities that induced them, it is not immediately
clear how the variations are related to the irregularities.
One would like to find in Figs. 8-10 some feature linked
with the loss-of-lock experienced by the co-located re-
ceiver. One might expect, for example, that a radical
change in Doppler rate or a deep power fade would im-
mediately precede the loss-of-lock. A close examination
of Figs. 8-10 does not present an obvious culprit. Two
deep power fades during which C/N0 drops below 25
dB-Hz do occur in the seconds just before the loss-of-
lock, but the loss ultimately takes place at a robust
C/N0 = 42 dB-Hz as the signal rises out of the second
power fade. Neither does the smoothed Doppler shift
experience any spectacular changes immediately before
the loss-of-lock. Perhaps the sudden change of Doppler
rate before the loss-of-lock as seen in Fig. 10 is the
cause, but this is far from certain. Relying solely on
the filtered estimates (red dashed line), one might note
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Fig. 11. The first 12 seconds of the loss-of-lock interval with
sections to be studied using autocorrelation analysis highlighted.
the peak in Doppler shift and in Doppler rate just before
the loss-of-lock and be led to believe that these precip-
itated the loss; but the smoothed estimates (blue solid
line) do not include such large jumps. The smoother
was able to fit the estimates to the measurements with-
out such radical changes in Doppler shift and Doppler
rate. A close examination of Figs. 8 to 10 reveals that
the large excursions in the filtered Doppler shift and
Doppler rate estimates line up with the power fades in
the C/N0 plot. This suggests that the magnitudes of
the Doppler rate excursions are not realistic, but reflect
a loss of phase information as the I and Q magnitudes
are attenuated during the power fades. In any case, the
radical jumps that occur in the filtered estimates be-
fore loss-of-lock are exceeded in severity by jumps that
occur after reacquisition, and these did not cause fur-
ther loss-of-lock. Clearly the cause of the loss-of-lock is
not immediately evident from the phase and amplitude
estimates.
In future studies, the carrier phase and amplitude time
histories produced by the smoother will be used to re-
construct I and Q time histories. These will be fed to a
simulator of the real-time scintillation receiver that lost
phase lock to determine whether the loss-of-lock can be
re-created. If so, then the tracking loops of the real-time
receiver will be examined at the point of loss-of-lock to
determine the exact cause of the loss. More broadly,
the reconstructed I and Q time histories can be used
to evaluate the performance of any GPS signal tracking
algorithm proposed for use during strong scintillations.
The after-the-fact nature of the scintillation analysis re-
ceiver permits other interesting studies of the effects of
scintillations. Whereas most receivers produce early,
prompt, and late PRN correlations, the correlator of
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Fig. 12. Cross-correlation of the incoming PRN code and the
PRN code replica generated by the scintillation analysis receiver
during interval A.
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Fig. 13. Cross-correlation of the incoming PRN code and the
PRN code replica generated by the scintillation analysis receiver
during interval B.
the scintillation analysis receiver can be modified to
calculate PRN correlations at any desired offset. This
multi-correlator capability has been exploited to study
distortion in the PRN autocorrelation function during
scintillations. Figure 11 shows the C/N0 time history
for the first 12 s of the loss-of-lock interval studied thus
far. Within this interval, a high-power region (A) and
two low-power regions (B and C) are marked. Multiple
correlations, each at a different offset from the prompt
correlation, were averaged over regions A, B, and C
to determine the profile of the average autocorrelation
function over each region. Each Ik, Qk pair used to cal-
culate the average is normalized by the estimated signal
amplitude Ak. The resulting autocorrelation function
profiles are compared to the the theoretical autocorre-
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Fig. 14. Cross-correlation of the incoming PRN code and the
PRN code replica generated by the scintillation analysis receiver
during interval C.
lation function for PRN 7 in Figs. 12-14.
As would be expected for the high C/N0 level in re-
gion A, the reconstructed and theoretical autocorrela-
tion functions agree closely. The higher noise floor in
Figs. 13 and 14 reflects the diminished C/N0 during the
power fades in regions B and C. The interesting feature
in these two plots is the distortion at approximately 1
PRN chip delay (just to the right of the autocorrela-
tion peak). Such distortion is characteristic of signal
multipath. That is, it is characteristic of a weak signal
traveling to the receiver along an indirect signal path,
arriving approximately 1 PRN chip after the direct sig-
nal. One might conjecture that these small bumps are
the result of an indirect beam from PRN 7 that has
been refracted toward the receiver by a pocket of high
electron density, following an indirect path about 300
m longer than the direct path. On the other hand, the
two bumps could be the result of typical noise fluctu-
ations. Several other power fades have been studied,
some showing signs of multipath and others not. Fur-
ther study will be required to investigate multipath ef-
fects during scintillation in order to determine whether
these bumps are just random noise or a multipath-type
phenomenon that is associated with ionospheric scintil-
lations. The scintillation analysis receiver makes this
kind of study possible. The autocorrelation plots of
Figs. 12-14 cannot be generated by existing real-time
scintillation receivers.
V. SUMMARY
A non-real-time scintillation analysis GPS receiver has
been developed at Cornell University. The receiver con-
sists of a hardware digital storage receiver and software
acquisition/tracking algorithms. It has been used to
record and analyze scintillating L1 C/A signals from
Cauchoeira Paulista, Brazil. The receiver’s smoother-
based tracking algorithm has been used to character-
ize the carrier phase, Doppler shift, Doppler rate, and
carrier amplitude variations associated with scintilla-
tions. No obvious causes for loss of carrier phase lock
are evident in the phase and amplitude dynamics. The
receiver’s multi-correlator capability has been used to
discover evidence of multipath-like distortion in the au-
tocorrelation function of a PRN code affected by scin-
tillation. The accuracy and flexibility of the receiver
cannot be equaled by a real-time scintillation receiver.
The scintillation analysis receiver has proved its effec-
tiveness as a tool for studying ionospheric scintillations.
The hope is that further useful science will be gleaned
from its data products through further analysis and in
future applications.
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